Defective Neurogenesis in Citron Kinase
In the Developing CNS, Citron-K Is Expressed suggested that only Citron-K is necessary for cytokineby Proliferating Precursors, Citron-N sis .
by Postmitotic Cells
In this report we have investigated the in vivo role
Previous studies have revealed that, in the adult CNS, played by Citron-K in mouse development. We have Citron-N is abundantly expressed by many neuronal found that, during embryogenesis, it is abundantly expopulations, while Citron-K is expressed at much lower pressed throughout the neuraxis, with a remarkable spalevels (Di Cunto et al., 1998; Furuyashiki et al., 1999). tial restriction to proliferating areas. Moreover, when However, the expression pattern of the two different neuroblasts leave the cell cycle, Citron-K is downmoduisoforms during development of the CNS was not related, while Citron-N becomes strongly expressed.
ported. For this reason, we performed RNA in situ hyMutant mice completely lacking Citron-K expression, bridization (ISH) on mouse embryos and postnatal but still producing normal levels of Citron-N, are affected brains using two different probes. The first (K) was deby a complex neurological syndrome, characterized by rived from the kinase domain-coding sequence and spesevere ataxia and epilepsy, which bring them to death cifically hybridizes with Citron-K transcript. The second within the first 3 postnatal weeks. Their brains display (C) corresponds to a fragment of the coiled-coil region dramatic neuronal depletion in the cerebral cortex and of Citron-K and reacts with both Citron-N and Citron-K in the granular layers of cerebellum, hippocampus, and mRNAs. olfactory bulb. Abnormal cytokinesis and massive apo-A clear signal was detected with both probes as early ptosis were detected in the same brain regions during as embryonic day (E) 10.5. From this stage to E16.5, the development of Citron-K Ϫ/Ϫ mice.
highest expression levels were observed in the develOur results demonstrate that Citron-K is indeed reoping CNS ( Figure 1A) , with a noticeable spatial restricquired for cytokinesis in vivo, but only in specific prolifertion to the proliferating areas of the entire neural tube ating neuroblasts. Moreover, they strongly suggest that ( Figure 1B) . Strong expression was also observed in the induction of programmed cell death in Citron-K Ϫ/Ϫ neuroblasts is a direct consequence of the abnormal limb buds and retina ( Figure 1A ). Lower expression was detected in the other somatic organs already known to For this reason, using homologous recombination in ES cells, we inserted a ␤-gal-Neo selection cassette express Citron-K in the adult (Di Cunto et al., 1998; and within the second coding exon of mouse Citron-K (Figdata not shown) . ure 2B). Since the insertion point is far from the putative Before E16.5, the hybridization pattern obtained with transcriptional initiation site of Citron-N, this mutation both probes was essentially identical (data not shown), would be predicted to cause an early stop of Citron-K thus suggesting that the predominant isoform produced transcription and not to disturb Citron-N expression. in the mouse brain during neurogenesis is Citron-K. This Two independent ES cell clones were derived harboring was confirmed by analysis of Citron-N and Citron-K prothe correct homologous recombination event (Figure tein levels in brains at different developmental stages. 2C). Heterozygous (ϩ/Ϫ) mice obtained from germline Western blotting with antibodies raised against a comtransmission of both ES clones were intercrossed to mon epitope revealed that before E16.5 the only isoform generate homozygous mutant (Ϫ/Ϫ) progeny. produced is Citron-K, at E16.5 they are both present, and Frequency at birth of the different genotypes obtained in the adult brain Citron-N is by far the predominating from ϩ/Ϫ intercrossing was consistent with the exisoform ( Figure 1C) .
pected Mendelian ratio (PCR analysis of a representaIn the first two postnatal weeks, robust expression of tive litter is shown in Figure 2D ).
Citron-K was still detected by probe K in the external
Western blotting with the above-mentioned antiserum germinal layer (EGL) of the cerebellum ( Figure 1D not differ significantly from ϩ/Ϫ and ϩ/ϩ littermates In the same period, relatively strong expression of in the first postnatal week. However, failure to thrive Citron-K was also detected in the subventricular migrabecame apparent around P10 in Citron-K Ϫ/Ϫ animals (at tory stream (SMS; Figure 1G ). This structure contains P12 the difference of body weight of Ϫ/Ϫ versus ϩ/ϩ the precursors of olfactory bulb granules, which are still was 20%). mitotically active while migrating toward their final locaAfter P8 Citron-K Ϫ/Ϫ mice started to present an overt tion (Hinds, 1968 
somatic tissues. However, macroscopic inspection of
In the cerebellum, all major lobules were recognizable, although they were strikingly smaller than in controls their brain showed a striking size reduction compared to control littermates ( Figure 3A ). At P14, the overall ( Figure 3B ). The number of Purkinje cells was not reduced, but their monolayer organization was disrupted average weight of Citron-K Ϫ/Ϫ brains was reduced by 50% (p Ͻ 0.01). Dissection of principal brain areas reand their dendritic harborization severely underdeveloped, as revealed by anti-calbindin immunostaining vealed an average reduction of ‫%02ف‬ in diencephalon and midbrain, 50% in cerebral hemispheres, and 70% ( Figure 3G ). By contrast, the granular cell layer was dramatically reduced ( Figures 3B and 3G ). However, estabin cerebellum and olfactory bulbs. Histological examination showed that the structure of thalamus, hypothalalishment of the cerebellar granule cell fate and differentiation was apparently conserved, as suggested by mus, basal ganglia, and midbrain was preserved to a large extent, even though their cellularity was slightly normal expression in the remaining granules of the transcription factor NeuroD ( Cell density of layers 6 and 5 was slightly reduced was also observed for calretinin-positive interneurons ( Figure 4D ). (by 18% and 11%, respectively, p Ͻ 0.05). By contrast, layers above layer 5 were much more dramatically afBrdU birth-dating experiments (Chae et al., 1997) did not reveal significant impairment of neuronal migration fected, with a 45% reduction (p Ͻ 0.01). The cortical GABA-containing interneurons were even more compro-(our unpublished data). Interestingly, in spite of high levels of Citron-K expresmised. These cells are generated in the ganglionic eminence and reach their final location by tangential migrasion during the development of wild-type animals (Figure 1A) , the structure and cellularity of retina and spinal tion ( To discriminate between these possibilities, serial ptotic process ( Figure 5A ). At E14.5 apoptotic cells were particularly abundant in the ganglionic eminence and in sections from ϩ/ϩ and Ϫ/Ϫ mice, at different stages of embryonic and postnatal development, were analyzed the germinal and intermediate zones of the neocortex but were also detected in the cortical plate. At E16.5 to reveal cells undergoing DNA synthesis or apoptotic cell death. apoptotic cells were identified in close proximity to the germinal regions of dentate gyrus and olfactory bulb Before E11.5, no differences were observed between controls and Citron-K Ϫ/Ϫ animals. However, after this granular layer (data not shown). Significant apoptosis was also detected in midbrain, pons, and medulla of stage, a large number of pyknotic and fragmented nuclei, isolated or in clusters, were detected throughout E12.5-E16.5 animals. By contrast, the percentage and distribution of BrdU-positive cells was not significantly the brain of Ϫ/Ϫ mice. These cells were strongly positive iodide and anti-␤-tubulin antibodies. We found that the To better establish if the cytokinesis defect and the massive apoptosis identified in the developing brains Accordingly, many binucleated cells were identified in sections of P12 Ϫ/Ϫ cerebral cortex, especially in the of Citron-K Ϫ/Ϫ mice are related phenomena, single-cell suspensions from ϩ/ϩ and Ϫ/Ϫ cerebellum were anadeep cortical layers ( Figure 6C ). Most of them displayed a neuronal morphology on cresyl violet-stained sections lyzed for Caspase-3 activation and DNA content by flow cytometry. and were positively labeled by neurofilament immunohistochemistry (data not shown). The presence of binuAs expected, a strong increase in the total number of Caspase-3-positive cells was detected with this system cleated pyramidal neurons, displaying normal morphology and connectivity, was further confirmed by DiI in the Ϫ/Ϫ samples ( Figure 7A ). Strikingly, simultaneous measurement of the DNA content revealed that most of retrograde labeling of cortico-thalamic projections (Figure 6D) . Moreover, BrdU birth-dating experiments indithe positive cells were tetraploid, thus indicating that 
Citron-K Is a Tissue-Specific and Nonredundant Regulator of Cytokinesis Rho-Kinases Are Expressed at High Levels in Proliferating Neuronal Precursors
Rho is known to be essential for the acto-myosin ring that drives cytokinesis in eukaryotic cells ( In this study we have demonstrated that Citron-K is existence of an unknown cell survival pathway requiring Citron-K cannot be yet excluded, the available evirequired for cytokinesis in vivo. However, our data indicate that this requirement is restricted to specialized dences strongly suggest that the apoptotic cell death of Citron-K Ϫ/Ϫ neuroblast is a direct consequence of the cell types. Indeed Citron-K expression is remarkably tissue-and developmental stage-specific (Di Cunto et cytokinesis block. The molecular mechanisms responsible for sensing al., 1998) (Figure 1) . Moreover, loss of Citron-K had no effects on cytokinesis in many tissues that express it at the cell division defect and activating the caspase cascade remain to be characterized. significant levels. Between the analyzed cell types, only a subset of neuronal precursors required Citron-K to However, we have found that Citron-K Ϫ/Ϫ cerebellar EGL precursors express very high levels of Cyclin-D1 complete cytokinesis (Figure 6 ). Taken together, these evidences indicate that other molecules must be impli-( Figure 7B and data not shown), which has been previously reported as an essential mediator of apoptotic cated in regulating cytokinesis downstream of Rho at the level of Citron-K.
cell death in postmitotic neurons (Kranenburg et al., 1996) . This result could not be simply explained by a Based on the above-mentioned reports and given their structural similarity with Citron-K, ROCKs would relative increase of the proliferating cell fraction due to depletion of the postmitotic compartment. Indeed, be the most obvious candidates. According to this assumption, loss of Citron-K would be predicted to funclevels of the proliferation markers Cyclin-A and Cdk-4 were not significantly different in ϩ/ϩ and Ϫ/Ϫ samples. tionally affect cytokinesis only in cells devoid of ROCKs. However, we found strong expression of ROCK-I and Overexpression of Cyclin-D1 by cells blocked in the M phase of the cell cycle could be among the effector ROCK-II in Citron-K ϩ/ϩ and Ϫ/Ϫ proliferating telencephalon and cerebellum ( Figure 7C ). In particular, sigmechanisms of the cell death program. Alternatively, it could indicate a severe deregulation of the cell cycle nificant expression of both molecules was detected by immunohistochemistry in cerebellar granule precursors that may ultimately lead to apoptotic cell death. In both cases, induction of apoptosis could be the result of of the EGL (data not shown), which are one of the cell types most severely compromised in Citron-K Ϫ/Ϫ mice.
an aborted attempt to start the cell division cycle in tetraploid cells, as previously proposed for postmitotic These data strongly indicate that, at least in specific neuronal precursors, Citron-K regulates cell type-speneurons (Kranenburg et al., 1996) . Interestingly, increased levels of Cyclin D1 were not cific aspects of cytokinesis, which cannot be covered by related molecules. It is noteworthy that cells disdetectable in the developing neocortex. This could be justified by the much lower fraction of cortical cells displaying the highest sensitivity to the absence of Citron-K are the precursors of the olfactory bulb, hippocampal playing impaired cytokinesis and apoptosis ( Figure 6A ). Alternatively, it might reflect intrinsic differences beand cerebellar granules, which are generated from secondary germinal matrices and share common functional, tween cerebellar and neocortical precursors, which could partially protect the latter from apoptosis and morphologic, and molecular features (Hatten et al., 1997). The extreme tissue specificity of Citron-K requireallow them to completely differentiate as binucleated neurons. ment will be probably better understood after identification of its downstream targets. 
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